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The deyices are an optical stripline and a new device, the éhannel stop/ strip ("
guide. / The channel-stop strip guides have losses of 0.8 bm at 1.06 (pm}* and
1 1cm <4 at 0.920 pxﬂ, the losdes for the optical striplines arc 1.Zf_cm.1 at
-)1 Oém and 1.7.cm ) at 0, 920(;%1‘) A first-order loss calculation has yieldedes
attenuation coefficients within 25 pcrcent of these measured values. Both
structures have an nt)substrate an nUep1tax1al layer for guiding, and Brc
gions *to laterally confine the light. The ;} regions have a uniform concentra-
tion and are formed by multiple-energy Be‘u-mn implantation. The ;! nJ]unc-
tionsYshow sharp high-voltage breakdowns at sufficiently high electrlc fields in

the r\Jlayer (1.5 x 10 V/em)to enable their use in directional-c~upler switches

Two types of low-loss single-mode [!+n n GaAs three- d1mens}onal wavegu}des
n ruccessfully fabrmated and their attenuation coeff;ments measyred. / ,}l .

and electroabsorption .modulators.

The cauges for reduced external qtiantum cfficiencies in integrated etched-mesa
GaAs-AlGaAs double-heterostructure (DH) lasers have becn investigated. The
primary loss mechanism appears to be the scattering of light by imperfections

in the etched end mirrors. i,{\

As a first step in the investigation of heteroepitaxial growth with the aid of sur-
face relief structures, a combination of laser holography and x-ray lithography
techniques have been used to produce 3200 A period gratings in photoresist.
Straight edges and sharp vertical profiles werc obtained in PMMA (polymecthyl
met*.acrylate) by soft x-ray lithography using holographically produced masks,

To investigate the potential of insulator-metal transitions for optical switching
devices, thin-film VO2 modulators have been fabricated and evaluated at sub-
millimeter wavelengths. Modulation of about 70 percent was obtained in de-
vices that were switched by electrical heating with responsc spceds on the order

of 1 msec.
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INTEGRATED OPTICAL CIRCUITS
| AND
EXPLORATORY MATERIALS RESEARCH

I. INTEGRATED OPTICAL CIRCUITS

Bl oty

A. LOW-LOSS GaAs p'n'n' THREE-DIMENSIONAL WAVEGUIDES

L

The development of GaAs-based integrated optical circuits (IOCs) requires low-loss
three-dimensional waveguides. We have row successfully fabricated two types of single-mode

k p+n-n" thrce-dimensional guides cntirely in GaAs; an optical stripline and a ncw device, the

channel-stop strip guide. Both waveguides have an nt substrate, an n_ epitaxial region for

" guiding, and p+ regions to laterally confine the light. The p+ regions arc formed by Be+-ion
implantation. The structures exhibit low optical loss (« as low as 0.8 cm-1 at 1.06 pm) and the
p+n- junctions have sharp high-voltage breakdowns (corresponding to an average electric field
in the n” layer of 1.5 X 10° V/cm). Both types cffer several advantages over other three-
dimensional GaAs guides previously reported. In comparison to striplinzs with nt ribs.1 these
junction dcvices have a comparable or lower optical loss, and additionally allow high clcctric
fields at low leakage currents to be applied to the guide by reverse-hiasing the p+n- junction.
This should facilitate the fabrication of modulators and switches using electroabsorption or
clcetro-optic effects. Schottky-barrier deviccs,2'3 wh.~h do permit elcctro-optical effccts,

';* and proton-bombarded embeddcd strips4 have higher losses than these; p+n-n+ guides.

A cross-section sketch of an idealized optical stripline structure” is shown in Fig. 1(a),

: along with a sketch of the associated refractive indcx profile. The device consists of a rib of

‘ index n, over a slab of index n, and a substrate of index n,. Region 4 is air. As indicated in

the figure, the index of the slab is greater than that of the rib which in turn is larger than the

substrate index. The effective guide index is largest urder the rib, so that light propagating

1

Fig.1. (a) Schematic diagram of an optical 1
stripline showing cross section of structure
to the left and refractive index profile to the =
right. Region 4 is usually air. ib) Sche- (o) 2" By
matic diagram of a GaAs p'n~nt optical

striplinc showing propagating light confined
in the n~ slab bencath the p* rib. Drawing
is not to scale; dimensions rcfer to the
single-mode devicc for which loss measure-
ments are reported. Sloped sides of the rib
result from the etching procedure used.
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in the slab will be laterally confined there. Because the light is guided in the higher-index slab
rather than in the rib, this device should have lower loss than some other 1ib struci:ures,6 since
scattering losses due to rib edge roughness are minimized.

The stripline structure reported here, shown schematicall: in Fig. 1(b), was fabricated

+

entirely in GaAs and consists of a p+ rib, ann_ epitaxial layer, and an n" substrate. Devices

were fabricated by first growing the undoped epitaxial layer by an AsCl = z-Ga vapor-phase

technique on a (100)- or1ented 1x 1018 = n~type substrate. The layer was n-type, with a

concentration of ~1 X 10 cm-3, a mobility at 77 K of 100,000 cmz/V-sec, and a thickness of
about 10 pm.

To form a p+ layer, the sample surface was first encapsulated with ~ 700 A of pyrolytic
Sl3N depos1ted at 720°C (Ref. 7). The ep11ayer was then implanted with Be' ions with doses
of 1.5 x 10" cm™2 at 100 kev, 1.2 x 101% em™? at 220 ke, and 1.2 x 1014 cm™2 at 100 kev.
Following the implant, the wafer was annealed at 900°C in flowing nitrogen for 15 minutes,
Beryllium was chosen because it is the p~type dopant having the maximum penetration depth in
GaAs; the multiple doses were chosen to create a heavily doped layer of uniform concentration
and, thus, of uniform refractive index. Evaluation of this implantation technique by a series
of etching steps and Hall measurements indicated that the implanted layers hed a relatively
constant p~type concentration of 2 X 1018 = to a depth of about 1.5 um. The actual junction
depth was found to be about 2 pm from the surface. Details of the Be'-ion implantation and of
the electrical characteristics of the p+n- junctions have been discussed el.‘sxewhere.8 However,
it should be noted here that ion implantation has several advantages for this doping task: it
provided precise control on the depth and concentration of the implanted layer, and allows the
option of selective doping by simple masking techniques.

After annealing, the Si3N4 encapsulation was removed in HF. Of the several procedures
investigated to form the ribs, a Ti-masking technique was found to give the straightest and
smoothest rib edges. In this method, stripes of several widths were defined along a (011) di-
rection in a ~300-A sputtered Ti layer by first patterning a photoresist film and then sputter-
etchmg the exposed Ti. After the photoresist was removed, the GaAs was etched down through
the p layer (using the Ti as a mask) in a ~3°C solution of 1sz0 BHZOz 1}120 For the
orientation chosen, the sides of the ribs etched at a ~45° angle as indicated in Fig.1(b). The
finished devices had a rib height of 2 um and an " layer thickness of 8 um. The p+n- junctions
formed by the isolated ribs and the undoped layer have shown sharp breakdowns at voltages
corresponding to average electric fields in the punched-through n~ regions of 1.5 x 10° V/em.
Guides with rib widths from 10 to 35 um were fabricated.

A cross-section sketch of the channel-stop strip guide is shown in Fig. 2(a) along with a
sketch of the associated refractive index profile. The relative magnitude of the indices is given
by n, > ng > n, > n,. In this structure, the effective guide index is largest in the central por-
tion of region 2 (between the regions of index n3) and light will be guided there. The regions of
index ngy thus serve as optical-channel stops.

The GaAs channel-stop strip guide we have fabricated is shown schematically in Fig. 2(b).
The guides were formed on wafers conmshng ofann” layer grown by vapor-phase epitaxy on a
1 x 1018 em™3 n-type substrate. This n~ layer had a concentration of ~1 X 10" ¢m z and was
about 7 um thick. Devices were fabricated by first depositing a 700-A pyrolytic-Si:;N4 film
over the epitaxial layer. A photoresist layer of sufficient thickness to stop the Bet ions was

then sprayed on the sample and patterned using standard techniques to form an implantation

- TES—



Fig.2. (a) Schematic diagram of a channel-
stop strip guide showing cross section of
structure to the left and refractive index
profile to the right. Region 4 is usually air. (o)
(b) Schematic diagram of a GaAs pmnt
channel-stop strip guide showing propagat-
ing light confined in the n~ slab between the -
p* regions. Drawing is not to scale; di- P GoAs 2pm
mensions refer to the single-mode device <
for which loss measurements are reported.
Sloped sides of the pt regions result from
the photoresist bombardment mask.

CONFINED LIGHT

mask. The wafer was implanted with the same multiple doses used for the stripline. Following
the implant, the photoresist was removed and the sample was annealed as described previously.
The finished device had 2-um-deep p-type regions. Structures having guiding-strip widths from
20 to 45 um were fabricated. Relative to the rib-type guides, this structure has the advantages
of being planar and easier to fabricate. Furthermore, since the light is guided between the

p+ regions, he channel-stop strip guide should minimize evanescent-tail losses and have lower
attenuation for comparable optical confinement.

The mode characteristics of both the optical stripline and the channel-stop strip guide were
calculated using the method of Marcatili.q These calculations indicate single-order-mode propa-
gation for guiding widths less than ~26 pm for the stripline and ~35 pm for the channel-stop strip
guide for the epitaxial-layer thicknesses in our devices. The observed modes are consistent
with these computations. Figure 3 shows a photograph taken from a television monitor of the
magnified image formed on an infrared vidicon of the near-field pattern at the output face of a

single-mode channel-stop strip guide. The guiding region is about 20 pm wide and 7 pm high.

Fig.3. Photograph of near-field intensity
pattern at the output face of a single-mode
channel-stop strip smide. Guiding region
is about 20 pm wice and 7 pm high.
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This single intensity maximum is typical of those obscrved. The E;i mode was owserved on

striplines with 35-pm-wide r'bs and on channel-stop strip guides with 45-pm-widc guiding strips.

Transmission measurements on both the stripline and the channel-stop strip guide were
made using an end-firc coupl’ng scheme. The TE-polarized radiation from either a CW Nd:Y AG
laser at 1.06 pm or from a pulscd GaAs-GaAlAs DH stripc-gcometry laser at 0.920 ym was
focused on the cleaved input face of the guide using a microscope objective. The loss coeffi-

cientc were foun « by determining the transmission through scveral lengths (<1 cm) of the samc
sample.

+
Loss mcasurements on single-mode devices for the two p *n"nt structures are summarized

in Table I. Thc guide width was 17 um fcr the striplinc and 20 um for the strip guide. At
1.06 pm, the losses are 1.2 cm” for the stripline and 0.8 cm’” (3 5 dB/cm) for the strip guide.
We believe the loss for the channel-stop strip guide to be the lowcst ever reported for a thrce-
dimensional GaAs waveguide. The losses at 0.920 um are 1.7 em~ for the stripline and

o] cm-1 for the strip guide.

TABLE 1

MEASURED LOSS COEFFICIENTS
FOR GaAs WAVEGUIDES

Loss Coefficient (cm~1)*
Device A=1,06 pm A=0,920 pm

Optical Stiipline 1.2 1.7
(17-pm-wide rib)

Channel-Stop Strip Guide 0.8 1.1
(20-pm-wide strip)

B . -1
*The uncertainty in the values is 0.2 cm .

A first-order loss calculation10 yielded attenuation values within 25 percent of these mea-
surement results. The calculation assumed that the optical power was confined to the central
guiding region and thus modeled the devices as asymmetric slab wavcguides; it was assumced
that the stripline had a p *n “nt structure ana {~at the channcl-stop strlp guide had an air-n n+
structure. The absorptlon of the evancscent tails in the nt and p regions as well as the re-
sidual absorption in the n_ guide were considered. In general, the calculated loss in the eva-
nescent tails exceeded the residual guide loss deduced from measurements of thick planar GaAs
waveguldes.“

The low optical loss in conjunction with the good electrical characteristics of the p *n” junc-
tions" suggests that these optical striplines and channel-stop strip guides are well suited for the
development of GaAs modulators and switches using clectro-optical effects, and would be useful
in IOCs operating at GaAs-laser wavelengths.

F.J. Leonberger
J. P. Donnclly
C. O. Bozler




T e R P -

-“!I-W;W,q
E—

A

B. INTEGRATED GaAs-AlGaAs DH LASERS

In a previous report,iz it was noted that the external differential quantum efficiencies of the
irtegrated GaAs-AlGaAs DI lasers were somewhat lower (3.4 pereent per end) than would be
expeeted from results on typieal cleaved DH lasers (10 to 20 pereent per end). Further inves-
tigation has now indicated that the rcduced efficieney is eaused not by the presence of internally
reflected eirculating modes, as had been suspected, but more likely by seattering of light by
imperfections in the etched end mirrors. These results are in essential agreement with those
of others13 on etched-mesa GaAs-AlGaAs DH lasers (18 percent maximum but 10 percent typi-
cal from both ends).

¥ It was first established that ineffieient coupling to the waveguide layer of the integrated
B deviee was not a causative factor by comparing the efficieneies of etehed-mesa lasers before

and after the growth of the waveguide. External efficieneies were essentially the same. In

§ T

order to eliminate the possibility of internally reflected eireulating or "bounce" modes, aetive
stripes of widths 6, 12, and 25 um were formed down the ecenters of the 100 um wide by 310 um

long etehed-mesa lasers. The teehnique of proton bombardment was employed to define the

i3

stripes and to render the portion of the mesa outside the stripe inaetive.14 The large optieal
absorption in this inaetive region would then quench any modes utilizing the sides of the mesas
as mirrors. Again, however, the quantum effieiencies of the stripe lasers were essentially
the same as those of the broad-area etched mesas, indieating that the presence of eireulating
modes was not the eause of the low efficiencies.

A careful examination of the eteched-mesa lasers using scanning electron mieroseopy indi-
eated that on a mieroscopie scale the etched mirror faces of these lasers were mueh less smooth
and flat than originally believed. ‘/hereas smooth and highly perfeet mesa faces, as shown in
Fig.4, could be routinely produeed in bulk GaAs, the mesas etched into DH GaAs-AlGaAs wafers
using the same masks and techniques were rough and non-flat. Figure 5 shows a typical exam-
ple. A number of different etehants, ineluding those of the HZSO4:HZOZ:HZO, Br:CH3OH, and
CII3OH: H3PO4:HZOZ systems were tried, with little differenee. The reason for the roughness
is not known but must be due to imperfeetions or strains in the DH wafers and/or to the eleetro-
ehemisurv of etehing in the presenee of the potential variations of the heterojunetions.

1t is believed that the reduced quantum effieieney of these lasers is due to scattering and
reflection at ineorreet angles from the rough mirrors. Side-by-side eomparison of etehed-
mesa and normal eleaved lasers from the same wafer yield essentially identieal threshold cur-
rent densities but quantum efficiencies differing by faetors of 4 to 6. It would be expeeted that
somewhere along the etehed faces would be at least one area of proper refleetion to permit low
threshold lasing in a filament, but that over most of the face light would be scattered or refiected
improperly and lead to high optieal losses and, hence, to low differential quantum effieiency.
Although this limitation is not a fundamental one, at present the technique of etching more per-

feet faces has not been developed.
C. E. Hurwitz
J. A. Ross:
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Fig.4. SEM photograph of mesa etched into bulk GaAs. (a) Magnification 2000;
(b) magnification 5000. Mesa faces are all (100).
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(L)
| Fig.5. SEM photograph of mesa etched into AlGaAs/GaAs DH wafer.
- (a) Magnification 2000; (b) magnification 5000. Mesa faces are all (100).
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II. EXPLORATORY MATERIALS RESEARCH

A. ENHANCED HETEROEPITAXY

As a first step in a program aimed at determining the effect of high~resolution surface
relief structures on heteroepitaxial growth, a laser holographic facility was established which
pe.its the exposure of 3200-A period gratings in photoresist. This facility was used to expose
grating patterns on x-ray lithography masks. Gold absorber patterns on the mask were sub-
sequently defined by ion beam etching. Figure 6 illustrates the straight edges and sharp vertical
profiles that were obtained in PMMA by soft x-ray lithography using the holographically pro-
duced masks. The exposure time was 7 hours. Work was begun on new types of x-ray masks
made from 1000-A-thick silicon nitride membranes so that the expasure time could be reduced

to about 15 minutes.

T
3600 A

Fig. 6. Scanning electron micrograph of cross section of a grating pattern
exposed in a PMMA film using soft x-ray (13.3 A) lithography.

Scanning electron microscope studies of high-resolution relief structures ion-beam etched
into surfaces showed that redeposition of sputtered material along polymer sidewalls poses a
problem to etching sharp vertical steps. A number of approaches to solving this problem are
being invesligaled. H. L Smith

D. C. Flanders

B. APPLICATIONS OF INSULATOR-METAL TRANSITIONS

A preliminary study of insulator-metal transitions has been undertaken to assess the poten-
tial for using such transitions in optical switching devices, including modulators and switchable
diffraction gratings for use as variable-wavelength filters. Insulator-metal phase transitions
are observed in certain compounds of the transition and rare-earth metals. At the transition
temperature, the nature of the electrical conductivity of these compounds changes abruptly




from insulating to mectallic. There is a corresponding change in optical properties. The optical i
changes are greatest in the infrared region vhere free electron absorption effects dominate
when the material is in the metallic state. 1t is the large changcs in the electrical and optieal
properties at the phase transition whieh make these compounds useful for applications in micro-
electronics and optoelcctronics. There are over twenty compounds that exhibit insulator-mctal
transitions. We have concentrated on vanadium dioxide (VO,), partly because it has a eonvenient
transition temperature (~65°C), and partly because VO, has a fairly large transition — thc elec-
trical conductivity changing by as much as a factor of 105 in single crystals. This investigation
describes the use of sputtered VO, thin films as optieal switches at submillimeter wavelengths.
I+ is cxpectcd that the rcsults could be used to dctermine the feasibility of this class of deviees
at shorter infrared wavelengths.

Polycrystalline VO2 films were deposited on single-crystal sapphire fubstrates by reaetive
sputtering a vanadium target in a mixture of Ar and O,. Preparation of films with desired
properties is made difficult by the existence of many differcnt oxides in the vanadium-oxygen
system.15 The growth conditions were quitc critical and have been described elscwhere.ib The
VO2 films hgve a resistivity change in going from the insulating state to thec metallic state o.
about 2 X 10~ at 65°C.

Figure 7 shows a sche.natic drawing of the experimental setup. The 337-um radiation is
provided by a HCN laser ana is measured by a GaAs photoconductive detcetor. Initially, we
measured the optical transmitsion at 337 um of a bare 0.6-mm-thick sapphirc substrate, and
of a 0.25-pm-thick VO2 film on a sapphire substrate of the same thickncss. Measurements
were made with the film in both the high-resistivity and low-resistivity states. I'or thesc mea-
surements, switching was accomplished by heating the fil.. through the phase transition with a
heater. The bare substrate transmits about 80 pcrcent, while the VO2 on sapphire has about
the same transmission (within the experimental uneertainty of 5 pcreent) in the insulating state.
In the metallic state, the frec elcetron effects reduce the transmission to 25 pereent, resulting

in a relative change of about 70 perecent.

LASER HCN

MECHANICAL
CHOPPER

FOCUSING
LENS Fig.7. Schematic representation of VO,
optieal modulation experimental setup.
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VO, ON WATER-
COOLED PLATFORM
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configuration.
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the device configuration we used for the experiment. In this case, the VO, devices were fabri-
cated by photolithographic techniques. Initially, four VO, elements of 100 by 700 pm were ob-
tained by etching out a pattern from a continuous VO2 film. The etchant used was 1:1 llNO3:11202.
Electrical eontacts were then fabricated on these elements by the following procedure. A film

of 500 A of titanium followed by 3000 A of gold was sputtered onto the VO2 elements. The pur-
pose of the titanium underlayer is to provide adhesion between the gold and the VOZ' After
removal fror: the sputtering system, the substrates were coated with approximately 1.2 pm

AZ 1350 photoresist. The desired device pattern was achieved by exposing the unwanted photo-
resist with ultraviolet radiation through an appropriate mask, removing the exposed resist fol-

3 lowed by rinsing in deionized water and drying by N2 gas. The exposed gold was then ctched away
using an iodine-based etchant and the thin titanium film expsed wa< etched in 20:1 HZO:IIF.
(VO2 is only slightly soluble in HF.) After etching, the substrate was rinsed in deionized water.
The urevposed photoresist was then removed with acetone, and the substrates rinsed again in

deionized water and finally dried with NZ‘ The resultant devices of dimensions 500 pm long and

It is also possible to induce the optical switching by direct electric heating. Figure 8 shows 1

| 100 um wide are shown 1n Fig. 8, there are four devices. The open spaces in the figures are
¢ just bare substrates for clecirical isolation and these spaces were bloecked by gold stripes on !
the backside of the substrate to minimize leakage of light. The room temperature resistance ’
L

was about 50 kohm and the resistance change at the phas~ transition is more than a factor of 102,
Using the electrical cirecuit shown in Fig. 9, the four VO2 devices were switched on by a
pulse generator with variable duty eyeles. The duty cycles were adjusted for the maximum
optical modulativn. Figure 10{.) shows the detector signal before the VO2 devices were switched
on. When a voltage pulse train (160 V, 100 Hz) was applied to the four VO, deviees, all four
devices were switched on, as indicated by the small dots on the current pulses in Fig. 10(e).

Figure 10(b) shows the detector signal when the VO2 modulator was on. The laser radiation

e e i e e
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Fig. 9. Electrieal eireuit Fig.10. Optieal deteetor signal: (a) before
used for VOZ experiment. VO, devices were switched on and (b) after

VO; deviees were switehed on; (c) eurrent
pulses indieating that all four VO, devices
were switehed on and off.

was modulated about 70 pereent, which is about the same depth of modulation when the devices
were switched un by a heater. When the modulating frequeney inereased to 1000 Hz, the modula-
ticn magnitude deereased from 70 to 60 pereent, indieating the response time of the VOZ to the
thermal cyele. When the frequency inereased to 2000 Hz, the modulation deereased to 50 per-
eent. The speed of the devices is limited by their eooling time, whieh is estimated about

1 msee under the operating eonditions. If these deviees were eooled !) eryogenic temperatures,
instead of just water-cooled, mueh greater speeds would Lz expeeted. Preliminary experiments
indieate similar results for the 151 -pm wavelength.

In eonelusion, we have fabrieated optieal modulators for submillimeter wavelengths using
VOZ deviees. Beeause the phase transition is a thermal proeess, the speed of modulation would
be limiteu. Similar results are to be expeeted for 10 pm radiation, although we eould not eon-
firm this hecause of the sapphire-substrate absorption at 10 pm. For materials like Cr-doped
VZO3‘ the observed insulator-metal transition has been suggested to be a Mott transition,
driven by eleetron-eleetron interaetions whieh is a non-thermal prceess. If sueh a non-thermal
switehing is possible, mueh faster optieal modulators eould be fabricated.

J.C.C. Fan P. M. Zavraeky

H. R. Fetterman C.D. Parker
F.J. Baehner
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